We found that a strain of Penicillium sp. effectively converted L-ascorbic acid to a five-carbon analog, which was identified as L-erythroascorbic acid based on spectroscopic analysis. The conversion was achieved by growing culture or washed mycelia, with a yield of approximately 20-30% (mol/mol). The processes for the bioconversion and purification of the product are described.
L-Ascorbic acid (L-AsA) exerts its biological activity by modulating a variety of cellular metabolisms (such as collagen biosynthesis) as an enzyme cofactor. 1) Further, as an effective and less-toxic antioxidant, dietary L-AsA is linked to protective effects against various oxidative stress-related diseases, including cancer, cardiovascular disease, and aging.
2) L-AsA in solution is susceptible to oxidation, especially in the presence of trace amounts of heavy metal ions or alkali. In an attempt to identify AsA metabolites that have useful antioxidant activity with significant stability, we screened microorganisms for their ability to derivatize L-AsA. After examining 1,237 microbial strains, including fungi, actinomycetes, and bacteria, we identified a fungus (strain 196F), isolated from a soil sample collected at Tateyama, Chiba, Japan, as a promising candidate. The strain was deposited in the International Patent Organism Depositary at National Institute of Advanced Industrial Science and Technology, Tsukuba, Japan (accession code, FRM P-20598).
Strain 196F was taxonomically identified as Penicillium sp. based on morphological observations and nucleotide sequences of 28S (D1/D2) rDNA and ITS-5.8S rDNA (deposited at DDBJ under accession codes AB468052 and AB468053 respectively) (Fig. 1) . Penicillium sp. 196F was active in transforming L-AsA to a slightly less polar derivative (derivative X), while most of the other tested microorganisms completely degraded L-AsA or did not transform L-AsA ( Fig. 2A ; conditions used in screening are shown therein). After several experiments to optimize the bioconversion rate, we found that the following conditions were effective: Strain 196F was aerobically incubated in 100 ml of seed medium C for 24 h in a baffled 500-ml Ehrenmeyer flask, the culture received 15 ml of L-AsA (100 mg/ml, pH adjusted to 6.0 with 3 M NaOH), and was further incubated aerobically at 25 C for an additional 24-48 h, at which time L-AsA was completely consumed, and derivative X accumulated as a major product. The timing of the addition of L-AsA was a critical factor in the production of derivative X. As shown in Fig. 2B , direct addition of L-AsA to the production culture or addition after cultivation for 2-3 d in the production medium greatly decreased the efficacy of the conversion, whereas L-AsA addition to 1-d culture in the production medium resulted in almost complete transformation. The conversion rate in a representative experiment was 33% (mol/mol), as judged by spot intensity on TLC (based on the densitometry of the scanned image).
The transformation was also achieved using washed mycelia from strain 196F, cultured as described above. After cultivation for 24 h in the production medium, the culture (100 ml) was filtered to collect mycelia, which were washed with saline and suspended with 100 ml of 0.22 M potassium phosphate, pH 5.5. The suspension was incubated aerobically with 10 mg/ml of L-AsA in a baffled 500-ml Ehrenmeyer flask at 25 C for 36-48 h. The conversion rate in a representative experiment was 21.5% (mol/mol), determined by analytical HPLC based on the peak area (Fig. 2C) . No significant conversion occurred in the absence of mycelia. To 1.1-liter of culture filtrate, 5.5-liter of MeOH was added, and the mixture was allowed to settle at 4 C overnight. The resulting supernatant was concentrated and lyophilized, giving 15.75 g of residue, which contained 1.7 g of derivative X. After suspending it with 525 ml of chloroform-MeOH-AcOH (3:1:1), the supernatant was concentrated to afford 13.8 g of residue, which was subjected to preparative HPLC on an Asahipak NH2 P-130 28F (28:0 Â 300 mm) in eight batches. The column was developed at 20 ml/min with 40% CH 3 CN in 0.05% (v/v) formic acid. Derivative X was recovered from the fractions eluted over 75-85 min, which were lyophilized, affording 490 mg of purified material.
In addition to the washed mycelium system described above, conversion was observed when we used cell-free extracts prepared from washed mycelia. In this system, the rate of L-AsA conversion was 22% after incubation for 2 h (based on the densitometry of the scanned image) (Fig. 2D) .
The structure of derivative X was determined by a combination of spectroscopic analyses, as follows: (c 0.5, MeOH). These data were consistent with the molecular structure shown in Fig. 3 . The structure was further confirmed by heteronuclear multibond connectivity spectrum. The stereochemistry was established based on the specific rotation value in comparison with that of chemically synthesized D-(+)-erythroascorbic acid (EAA), 3, 4) a five-carbon analog of AsA.
D-EAA is produced de novo in some lower eukaryotes, including fungi and yeasts, [5] [6] [7] and it plays an antioxidative and some other roles in such organisms. [8] [9] [10] [11] [12] On the other hand, L-EAA, the enantiomer of D-EAA, has been identified as one of the oxidation products of L-AsA, especially of dehydroascorbic acid. 13, 14) Bast et al. reported microbial oxidation of L-AsA using anaerobic purple sulfur bacteria. 15) In this reaction, L-AsA promoted the growth of the bacteria as electron donor, affording various oxidation products, including 2,3-enediol pentonic acid and L-EAA. Our process described here, utilizes aerobic microbial transformation with a predominant yield of L-EAA, which can involve a mechanism of conversion different from that in the anaerobic system. The aerobic system is easier in operation than is the anaerobic system and, A, Representative results of the screen for L-AsA transformation are shown. a, representative microbial strain that was low in activity to degraded L-AsA; b, representative microbial strain that extensively degrade L-AsA. Each microorganism was grown in appropriate media for 2 d at 25 C (for fungi) or 28 C (for actinomycetes and bacteria). L-AsA was added to 10 mg/ml, and the culture was further incubated for 24 h. An aliquot of the culture supernatant (1 ml) was developed on a silica gel plate with chloroform-MeOH-AcOH (5:4:1), followed by detection by ninhydrin reagent spraying. B, Effects of timing of L-AsA addition to the production culture on conversion efficiency. Strain 196F, grown in seed culture, was incubated in the production medium for the indicated times, and received L-AsA (15 mg/ml), followed by further incubation for 24 h to determine transformation. C, Conversion of L-AsA in a washed-cell system. Strain 196F, grown in seed medium, was incubated in the production medium for 24 h. After washing, the mycelia were suspended in 0.22 M potassium phosphate, pH 5.5, and aerobically incubated with L-AsA (10 mg/ml) for 48 h determine transformation by HPLC on Asahipack NH2 P-50 4D, developed with 40% CH 3 CN in 0.05% (v/v) formic acid at 1 ml/ml. D, Conversion of L-AsA in a cell-free system. Mycelia from strain 196F grown as described above were homogenized to prepare cell-free extracts, which were then incubated at 23 mg of protein/ml with 3 mg/ml of L-AsA in 10 mM potassium phosphate, pH 7.4, 100 mM KCl, 20 mM NaCl, and 10 mM EDTA at 37 C for the indicated durations. Aliquots (15 ml) were mixed with 1 ml of butylhydroxytoluene (128 mg/ml in dimethylsulfoxide), and the mixture (3 ml) was subjected to TLC using chloroform-MeOH-AcOH (6:3:1), followed by detection by silver nitrate. B, buffer alone; Ex, cell extracts. The positions of L-AsA, dehydroascorbic acid (DHAsA), and derivative X (X) as well as the origin (Ori) and solvent front (SF) are shown.
thus, can be of benefit it in large-scale production of L-EAA. It is postulated that hemiketal formation between 6-OH and C3 carbonyl in both dehydroascorbic acid (a two-electron oxidized form of AsA) and monodehydroascorbic acid (the ascorbic acid radical, a one-electron oxidized form of AsA) plays a role in the redox cycle of AsA. 16) EAA lacks the -CH(OH)-portion in the side chain of AsA. Hence, its oxidation products cannot form such hemiketal structures. Since EAA has an electrochemical potential comparable to that of AsA, 3) L-EAA can be used as an antioxidant with properties distinct from those of AsA. 
